INTRODUCTION
6 first strategy is to express the native metabolic enzymes, e.g. XYL2 (14) or a combination of 1 0 0 XYL2 and XYL3 (15), to improve xylose assimilation. The second approach is to overexpress 1 0 1 heterologous enzymes of the xylose-assimilating pathway. By overexpressing xyl1 and xyl2 1 0 2 genes from Pichia stipitis together with implementing a starvation adaptation strategy, the 1 0 3 engineered Y. lipolytica produced 15 g/L of lipid at a rate of 0.19 g/L/hr from xylose (16). and xyl2 genes from P. stipitis and xyl3 from Y. lipolytica, which was able to consume 30 g/L 1 0 6 xylose within 3 days (17) ( Supplementary Table 4 ). It remains unknown whether Y. lipolytica 1 0 7 has a native L-arabinose metabolism and is capable of assimilating this substrate as a sole carbon 1 0 8 source for growth. In this study, we analyzed functional roles of native pentose-specific transporters for 1 1 0 activating a dormant pentose metabolism in Y. lipolytica. We screened a set of 16 putative 1 1 1 pentose-specific transporters to identify the best candidates to enhance xylose assimilation and 1 1 2 demonstrated that these transporters are specific to not only xylose but also arabinose. We shed light on functional roles of transporters and metabolic enzymes for co-utilization of xylose 1 1 5 and arabinose. With targeted enzymatic and transcriptomic analyses, we further identified the 1 1 6 arabitol dehydrogenase as the rate-limiting step that causes poor arabinose assimilation in Y. Table 1 shows the list of plasmids and strains used in this study and Supplementary Table   1 2 2 1 contains the list of primers used to construct these plasmids and strains. The plasmid, pSR008, 8 binding forward primer (P TEF _seq Fwd) and gene binding reverse primer (TRPX Yli _Rev) 1 4 5
( Supplementary Table 1 ). Media preparation. The lysogeny broth (LB) medium containing 5 g/L yeast extract, 10 9 xylose. Mutants exhibiting fast growth on xylose were selected for subsequent characterization 1 6 7 studies. containing single and a mixture of xylose and/or arabinose, was conducted in a 500 mL baffled 1 7 0 flask with a 50 mL working volume at 28 o C and 300 rpm. The initial OD was adjusted to 0.2. Time profiles of cell growth and metabolites were measured during cell culturing and used to 1 7 2 determine kinetic parameters, such as specific cell growth rate (μ, 1/hr) and specific sugar uptake with at least 6 biological replicates. BlastP (21) was applied to identify the putative L-arabinose reductase (ARD), L-arabitol 1 7 9 dehydrogenase (ADH), and L-xylulose reductase (XLR) enzymes of the arabinose-assimilating 1 8 0 pathway of Y. lipolytica. We used ARD Ani (from Aspergillus niger, uniprot: A2QBD7 (22)), 1 8 1 ADH Ncr (from Neurospora crassa, uniport: Q7SI09 (23)), NADPH-dependent XLR Ani (uniport: 1 8 2 G3YG17 (24)), NADPH-dependent XLR Tre (from Trichoderma reesei, uniport: G0RH19) (22)), Rad Laboratories, CA, USA) set at 85°C and water as a mobile phase running at 0.6 mL/min. Transcriptomics by real time-PCR (rt-PCR). Gene expression levels were quantified 1 9 6 using rt-PCR. First, mid-exponential growth phase cells (OD in a range of 2.0−2.5) were 1 9 7 harvested. Total RNA was purified using a Qiagen RNeasy mini kit (Cat no. 74104, Qiagen Inc, 1 9 8 CA, USA.), and cDNA was synthesized using a QuantiTect Reverse Transcription kit (Cat no. gene at a given condition was normalized to that of a house-keeping actin gene (YALI0D08272g) 2 0 3 as previously described (14) . Primers used for rt-PCR are listed in Supplementary Table 1 . To 2 0 4 compare relative gene expression of a target gene under two different conditions, we calculated 2 0 5 the log2 ratio of the expression levels for that target gene between condition 1 (e.g., growth on 2 0 6 arabinose) and condition 2 (e.g., growth on xylose as a reference condition) (26). A relative 2 0 7 mRNA expression level for each gene under a given growth condition was reported as an 2 0 8 average ± 1 standard deviation from a data set of at least three biological replicates. The students 2 0 9 t-test was performed to evaluate statistical significance. To prepare cell lysates, cell cultures were collected during the mid-exponential growth 2 1 3 phase (OD between 2.0 and 2.5) and suspended in a Y-PER yeast protein extraction reagent (cat 2 1 4 no. 78990, Thermo Scientific, IL, USA) including 2× EDTA-free pierce protease inhibitors (cat 2 1 5 no. 88266 Thermo Scientific, IL, USA). Cells were then lyzed by incubation at 28°C, 300 rpm 2 1 6 for 60 min. The soluble fraction was separated by centrifugation at 17,000xg for 10 min and used 2 1 7 for enzyme activity assays. Each in vitro enzyme activity assay for arabinose reductase (ARD), xylitol phosphate buffer (pH 6.0), appropriate cofactor (e.g. NAD(P)H or NAD(P) + ), and substrate (e.g. the reduction rate of NAD(P)H was monitored at 340 nm. For the XYL2 and ADH assays, 1 mM 2 2 5 NAD(P) + and 300 mM substrate (i.e. xylitol for the XYL2 and arabitol for ADH) were used. For 2 2 6 the XLR activity assay, 1 mM NAD(P)H and 30 mM L-xylulose were used. One unit of each 2 2 7 enzyme activity was defined as one µmole of NAD(P)H generated or reduced per mg protein per 2 2 8 min.
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Enzyme kinetics was measured using a BioTek Synergy HT microplate reader with an 2 3 0 associated Gen5 software (BioTek Instruments, Inc., VT, USA). Protein concentration was 2 3 1 quantified by the Bradford method (27). All enzyme assay experiments were performed with at 2 3 2 least three biological replicates. We constructed a set of 16 Y. lipolytica strains, YlSR202, YlSR203, YlSR205, YlSR207-2 3 7
YlSR209, YlSR212-YlSR218, YlSR220, YlSR222, and YlSR223, each of which overexpresses 2 3 8 a putative pentose-specific transporter and a native xylitol dehydrogenase (Table 1) . To identify 2 3 9 the best xylose-assimilating candidates, we screened these strains for fast growth on solid agar Overall, we identified the two Y. lipolytica strains, YlSR207 carrying TRP6 Yli and 2 4 7
YlSR223 carrying TRP22 Yli , exhibited the most effective growth on xylose. This result provides 2 4 8 a basis for detailed characterization of functional roles of these transporters for activating the 2 4 9 native pentose metabolism in Y. lipolytica in subsequent studies. To demonstrate TRP6 Yli and TRP22 Yli are xylose-specific transporters in vivo, we 2 5 3 characterized YlSR207 and YlSR223 in a defined, xylose-containing SC-Leu-Ura liquid medium. As a reference, we chose YlSR202 that overexpressed TRP1 Yli and did not improve xylose they overexpressed XYL2 Yli that has been previously shown as the rate-limiting step of xylose- lag when they were first cultured in glucose media and then transferred to fresh xylose media. Taken altogether, Y. lipolytica has not only native metabolic enzymes (14) but also 2 7 6 xylose-specific transporters for xylose assimilation as demonstrated here even though its xylose 2 7 7 metabolism stays dormant due to transcriptional repression. This native xylose metabolism can 2 7 8 be activated without a need to express any heterologous enzyme. We demonstrated for the first 2 7 9 time that TRP6 Yli and TRP22 Yli are native xylose-specific transporters of Y. lipolytica. In yeast, 2 8 0 specificity of xylose transporter is determined by "G-G/F-X-X-X-G" structural motif and two conserved amino acids, threonine and asparagine (i.e. T213 and N370 in S. cerevisiae HXT7) (28, 2 8 2 29). TRP6 Yli (YALI0C04730p) contains a "G-F-L-L-F-G" structural motif and tyrosine instead 2 8 3 of asparagine (N348Y) (14) . Although no conserved structural motif is found in TRP22 Yli Engineering pentose-specific transporters is critical for enhanced pentose assimilation in transporter Candida intermedia Gxf1 (30) or engineer the native glucose-specific transporter 2 9 0 HXT7 to be xylose-specific (28, 29) for enhanced xylose assimilation. The discovery of 2 9 1 functional roles of TRP6 Yli and TRP22 Yli will be useful for metabolic engineering of other yeasts 2 9 2 (such as S. cerevisiae.) to enhance xylose assimilation. assimilating pathway in Y. lipolytica is widely unknown. To investigate the native arabinose 2 9 7 metabolism of Y. lipolytica, we first performed genome mining. The bioinformatic result shows 2 9 8 that Y. lipolytica has the putative enzymes of the arabinose-assimilating pathway, including 2 9 9 arabinose reductase (ARD), arabitol dehydrogenase (ADH), and xylulose reductase (XLR) ( Figure   3 0 0 1). We identified 11 putative ARD genes, 5 putative XLR genes, and one putative ADH gene 3 0 1 (see Supplementary Table 3 for their gene loci). Interestingly, the arabitol dehydrogenase To test whether the arabinose-assimilating pathway is active in Y. lipolytica, we first insignificant amount of arabinose ( Figure 4A ). However, transcriptomics shows that the respectively. The ADH Yli (also identified as XYL2 Yli ) gene was up-regulated by 1.81 ± 0.70-fold. Consistent with transcriptomic data, we also detected ARD, ADH, and XLR enzyme activities 3 1 5 from YlSR102 cultures ( Table 3) . The ARD and XLR activities, specific to NADPH, were 3 1 6 significantly higher for YlSR102 growing on arabinose than xylose (negative control). In contrast, the ADH activity, specific to NAD + , remains similar between cells grown in single Taken altogether, the results suggest that Y. lipolytica has endogenous metabolic 3 2 2 capability to assimilate arabinose as a carbon source but levels of gene expression and/or 3 2 3 activities of metabolic enzymes and transporters might not be sufficient. The cofactor imbalance, Characterization of YlSR102 shows that it was able to grow in a mixture of xylose and (Table 2 ) and accumulated 0.13 ± 0.00 g/L arabitol after 216 hr. Consistently, we also detected 3 3 7 ARD, ADH, and XLR activities from YlSR102 cultures (Table 3) . While the ARD and XLR 3 3 8 activities were 2-fold higher for YlSR102 growing on mixed pentose sugars than single 3 3 9 arabinose, the ADH activity remained almost the same. This result strongly suggests that Y. In contrast to the enhanced arabinose assimilation, YlSR102 exhibited a lower xylose 3 4 3 consumption rate for growth on mixed pentose sugars than single xylose by 1.619 ± 0.040-fold 3 4 4 (Table 2 ). To explain this phenotype, we analyzed the XYL2 and ADH activities of YlSR102 3 4 5 growing on single (control) and mixed sugars since XYL2 Yli and ADH Yli were encoded by the 3 4 6 same gene YALI0E12463g (Table 3) . We observed that the XYL2 activities were relatively and arabitol (0.08 g/L ± 0.00 g/L) after 193 hr ( Figure 6D ). Consistent with growth phenotypes, 4 0 7
YlSR102 yielded higher XYL2 activity than YlSR157 by 3.1-fold ( Supplementary Figure 3) . Taken altogether, we validated that arabitol dehydrogenase is the rate-limiting step in Y. We identified the two most promising pentose-specific transporters TRP6 Yli and TRP22 Yli Microbiology and Biotechnology 82:123-130. Saccharomyces cerevisiae strain for rapid anaerobic xylose fermentation. FEMS Yeast 5 5 1
Res 5:399-409. Saccharomyces cerevisiae strains. Microbial Cell Factories 5:18. Concurrent knock-out of at least 20 transporter genes is required to block uptake of 
